Abstract. The Double Cantilever Beam (DCB) Mode I fracture testing has been widely used in fracture testing of especially fiber reinforced polymer composites and adhesive joints. Application of classical DCB testing to plain concrete or unreinforced ceramic specimens is not straightforward and cannot be carried out in direct separation mode as applied in such composite materials. Instead, in this study an indirect tension approach is proposed for testing concrete in Mode I fracture. Tests of notched geometrically similar DCB specimens made of normal and high strength concretes loaded eccentrically at the cantilever beam-column ends in compression have been carried out. The peak loads from these tests and their classical type II size effect analyses results are reported. The Microplane Model M7 is used to predict and verify the test results. To this end, the model is first calibrated independently of size effect test data using only the uniaxial compression tests. Next, the model M7 is used to predict the peak loads of tested specimens. Furthermore, to determine the errors involved in the size effect fracture parameters, the peak loads of virtual geometrically similar DCB specimens of appropriately chosen sizes were determined using the calibrated model. The same size effect analyses are performed on the predicted peak loads including those from the virtual specimens and the errors in the fracture parameters obtained from the classical size effect analyses of the peak loads obtained from the tests are determined.
INTRODUCTION
Double cantilever tension testing has long been a well known method of Mode I fracture testing. It has been applied extensively to polymer composites and adhesive joints and to metals and wood as well. An early application is the DCB tests of Heady [1] in which the critical stress intensity factor for slow crack growth due to corrosion is measured in high strength steels. The analyses of Kanninen [2, 3] are the some of the earliest studies that could match the experimental results only for initial crack extensions. In later studies, higher order plate theories with transverse shear deformation [4] and Timoshenko beam supported on an elastic foundation were used [5] [6] [7] [8] [9] [10] [11] . The calculation of energy release rate in the DCB specimens made of fiber reinforced polymer composites loaded in direct Mode I fracture has also been widely studied [12] [13] [14] [15] . Finite element analyses of the DCB direct Mode I fracture tests in which sophisticated constitutive models for fiber reinforced polymer composites are employed have been performed as well [16] [17] [18] [19] . The DCB direct Mode I fracture tests were also applied to engineering materials such as wood [20] and bovine bone tissue [21] , as well as debonding of adhesively bonded joints that produced a large literature (see e.g. [22] ).
In all these studies the DCB loading has been a direct separation of the cantilever beams at the free ends to produce Mode I fracture, as given in the standards ASTM D5528-13 [23] , ISO 15024 [24] and JIS K7086 [25] . However, this conventional DCB loading configuration would result in two fundamental problems in the case of concrete: (1) Distributed cracking along the cantilever arms that dissipate spurious energy becomes inevitable due to bending moment and shear, (2) the shear stresses acting in the fracture process zone cause the crack to curve resulting in mixed mode fracture instead of pure Mode I fracture.
In this study, size effect tests conducted using a nonconventional loading configuration and fracturing analyses of DCB specimens made of plain normal and high strength concretes loaded to produce Mode I fracture, first presented in [26] , are analyzed. In these tests, DCB specimens are supported eccentrically at the cantilever ends and loaded in compression that cause bending moments in the DCB cantilever beam-columns as well as compressive stresses parallel to the initial notch. As opposed to classical separation type loading configuration, the lack of shear in the cantilever arms allow the crack to grow in a straight line and the spurious energy dissipation due to distributed cracking along these arms is prevented. In addition, the test results are analyzed using the Type II Size Effect Law and the errors in the size effect parameters have been determined using the latest version of the Microplane models for concrete called the Microplane model M7.
NOVEL DCB SIZE EFFECT TESTS AND ANALYSES
In the three test series named series A, B and C, DCB specimens made of normal and high strength concretes were cast. In each series, three different sizes for the specimens were considered and three specimens were cast for each size. Thus, each series contained nine specimens; since all three series were produced using normal and high strength concrete, in total 54 specimens were cast. The specimens were labelled starting with "P" and "HS" which correspond to plain and high strength DCBs, followed by the series name, i.e. one of the letters A, B and C, and the numbers 1-3, 4-6, 7-9 to identify each of the three specimens. The specimen dimensions were chosen to have 2D geometrical similarity in the ratios 1:2:4. Independently of the size effect tests, the direct tension tensile strengths of the normal strength and high strength concretes are estimated to be f t = 2.40MPa and f t = 3.20MPa respectively. The specimen geometries and dimensions are shown in Fig.1 . The experimental setup is depicted in Fig. 2a . For more details on the testing program see [26] .
In Type II size effect analyses, first the failure loads P u given in Table 2 of [26] are used to calculate the nominal strengths as σ N u = P u /bd where b is the width (out of plane dimension) of the specimen and d is the height of the specimen as shown in Fig.2b . For small enough size DCB specimens, the nominal strength must approach a horizontal asymptote (or constant strength) and for large enough size DCB specimens, it must approach the LEFM asymptote with a −1/2 slope in the log-log scale. The simplest formula that satisfies both conditions and provides the transition from one extreme to the Ferhun C. Caner, A. Abdullah Dönmez, Sıddık Ş ener and Varol Koç other may be written as [27] :
in which Bf t = the value of the horizontal asymptote in the small size limit, f t = the tensile strength of concrete, G f = the fracture energy of concrete, a ef f = a 0 + c f = the effective crack length at failure in which a 0 = the notch length and c f = the half size of the fracture process zone, g 0 = g(a 0 /d) = the energy release rate function, g 0 = g (a 0 /d), E = E = the elastic modulus for plane stress and d 0 = the transitional size between the brittle and strength-limit type behavior for the concrete under consideration. Eq.1 can be optimally fitted to the test data given in Table 2 of [26] which yields the size effect fracture parameters as given in Table 1 . These test data and their optimally fitted size effect curves are plotted in Fig.3 . In order to obtain the fracture parameters c f and G f , Eqs. 2 and 3 can be obtained starting from Eq.1 as [27]
In Fig.2b the nondimensional notch length is given asā 0 = a 0 /d = 0.6, the nondimensional half size of the fracture process zone to be determined from size effect analysis as ∆ā = ∆a/d, the nondimensional width of the specimen as 2c = 2c/d ≈ 0.85, the nondimensional eccentricity asē = e/d =c/5 ≈ 0.085 and the nondimensional notch width asλ = λ/d. The nondimensional notch width varied between 0.0167 and 0.0667 because of a constant 5mm notch width employed in all specimens. The nondimensional load is defined asP = P/Ed 2 . In the foregoing equations, E is the Young's modulus and d is the depth of the geometrically similar DCB specimens tested. The nondimensional thicknesses of the specimensb = b/d also varied between 0.1 and 0.4 due to different thicknesses of the specimens used in the tests.
The effect of such variation in these nondimensional parameters on the results is assumed to be negligible. The energy release rate function value g 0 = g(0.6) and the value of its derivative g 0 = g (0.6) in the foregoing equations are to be determined for the loading configuration, shape and geometry of the specimens as given above. To this end, the energy release rate is obtained from the complementary strain energy U * = P 2 C(a)/2 at constant load:
⇒ G = 1 2b
where C(a) = the compliance of the structure, i.e. u = C(a)P in which u is the load point displacement and P is the load. The stress intensity factor K I then is given by
where σ N = P/bd is the nominal stress. Substituting G from Eq.6 into Eq.7 and solving for g(ā) one obtains
Thus, to determine the value g 0 = g(ā 0 ) = g(0.6) one must determine the value C (0.6) and substitute it in Eq.8. Similarly, to determine the value g 0 = g (ā 0 ) = g (0.6) one must determine the value C (0.6) and substitute it in Eq.9. The first and second derivatives of the compliance function can be determined through the finite difference method, which produces highly accurate results [27] . The aforementioned compliances are calculated by linear elastic finite element analyses employing 278400, 272000 and 268800 hexahedral elements of type C3D8R in ABAQUS [28] for all DCB specimens [26] .
In Fig.3(a) through (c) the size effect fits for each one of the series PA, PB and PC DCB specimens are given. Similarly, in Figs. 3(e) through (g) the size effect fits for each one of the series HSA, HSB and HSC DCB specimens are shown. In Fig.3(d) and Fig.3(h) the size effect fits for all nominal strength data obtained by testing respectively normal strength and high strength DCB specimens are depicted. In Table 1 the size effect fracture parameters obtained through these optimal fits and the foregoing analyses are given.
An important issue is the determination of the errors involved in the experimental results. Typically such a task involves statistical methods applied to error analyses. In this study we attempt to determine the errors in the experimental results by comparing them against realistic numerical analyses results carried out using the microplane model M7. In particular, the errors in the size effect fracture parameters Bf t , d 0 , c f and G f , obtained from Type II size effect analyses of the peak loads from the tested specimens are dertermined by comparing them to those obtained from the same analyses applied to the predicted peak loads from the virtual specimens analyzed using the model M7. To improve the numerical predictions of these parameters, a virtual DCB specimen half the size of the smallest tested DCB specimen and a twice as large as the largest tested one are proposed for each test series. The sizes of these virtual specimens are determined based on (1) the computational feasibility of the finite element analyses of the large size virtual specimens, (2) the previous data fitting experience with the Model M7 and (3) the minimum permissible element density in the small size virtual specimens. After calibrating the Model M7 for the two types of concretes employed in the tests using only the elastic moduli and the parameter k 1 of the model M7, the peak loads of all virtual DCB specimens from all series are determined using finite element analyses. As the finite element software, the commercial finite element analysis package ABAQUS version 2016 is employed [28] . The analyses are carried out in the sense of crack band model. The element width is chosen as 2.5mm for both normal and high strength concretes.
The predicted peak loads for the so-called virtual DCB specimens and their optimally fitting size effect curves are shown in Fig.4 . For comparison purposes, the experimental peak loads are also shown in the same figure. The optimum values of the size effect fracturing parameters Bf t , d 0 , c f , G f and B obtained from the optimal fits of the peak loads from finite element analyses are given in Table 2 for each test series as well as for all normal strength series combined and for all high strength series combined.
Comparing Tables 1 and 2 the errors in the aforementioned parameters may be determined. In particular, the errors in the fracture parameters Bf t , d 0 , c f , G f and B obtained using the peak loads from the tests only relative to those obtained using the predicted peak loads from the virtual experiments turn out to be 18.207%, 48.150%, 48.150%, 27.550% and 18.207% for all P-series and 1.664%, 0.344%, 0.344%, 3.000% and 1.664% for all HS-series respectively. Thus, it may be concluded that when the material microstructure is large, the size range that can possibly be tested in the laboratory is likely to be too small compared to the material microstructure size. In such cases the guidance of a well established material model is helpful to obtain reasonable estimates of fracture parameters using the size effect analysis.
In Figs. 5a-e the cracking patterns of the normal strength series C DCB specimens are depicted. The crack propagation is illustrated as the maximum principal logarithmic strain immediately before and immediately after the peak load for each specimen. It is noted that the smallest virtual specimens have the sizes 37.5mm, 50mm and 62.5mm for series A, B and C respectively. Furthermore, the largest virtual specimens have the sizes 600mm, 800mm, 1000mm for series A, B and C respectively. Keeping the element size constant in the sense of crack band model, the normal strength series C DCB specimens depicted in Figs. 5a-e are analyzed using meshes with 1430, 5500, 21000, 84000, and 336000 8-node brick elements of type C3D8R. On the right column in the Fig.5 the half size of the fracture process zone, c f , is also drawn scaled relative to the size of each DCB specimen to illustrate the equivalent LEFM crack length at peak load. Clearly for the largest virtual DCB specimens, c f becomes very small.
CONCLUSIONS
In this study, test results from a novel DCB indirect Mode I test in which geometrically similar specimens are supported at the cantilever beam-column free ends eccentrically and loaded in compression in the direction of their notches are reported. Employing a sophisticated multiaxial constitutive model for concrete, called the Microplane Model M7 calibrated independently of size effect test data for the normal and high strength concretes employed in the experiments, the experimentally obtained peak loads are predicted. Furthermore, the peak loads of geometrically similar one virtual DCB specimen twice as large as the largest tested DCB specimen and one virtual DCB specimen half the size of the smallest tested DCB specimens in each series are calculated using the finite element analyses with the Model M7. The size effect fracture parameters, namely c f , G f , B and d 0 are calculated applying the so-called Bažant's Type II Size Effect Law [29] to peak loads from experiments and also to predicted peak loads from virtual tests. Consequently, we draw the following conclusions:
1. The failure loads obtained from the tests follow the Type II Size Effect Law.
2. The size effect fracture parameters obtained from the failure loads predicted by the Model M7 of geometrically similar virtual DCB specimens are compared to those obtained from the peak loads from the experiments allowing the errors in these experimental results to be estimated.
3. The fracture energy G f for normal strength concrete turned out to be about 29% higher than that for the high strength concrete when peak loads from experiements only are considered and when peak loads from the virtual specimens are considered, the trend is reversed: G f for high strength concrete turns out to be higher than that for normal strength concrete by about 11%.
4. In the case of normal strength concrete, the DCB size range tested in the laboratory seems to have remained too small compared to the characteristic size of the material and this leads to errors in excess of 45% in the predicted c f and over 25% in the predicted G f ; in the case of high strength concrete, these errors respectively are only about 0.34% and about 3%.
5. In contrast to the work of fracture method (in which the full load vs load point displacement diagram must be traced without any snap-back instabilities to yield the two fracture parameters), the proposed DCB indirect Mode I fracture testing method (which involves only the failure loads in compression of geometrically similar DCB specimens to be determined) is vastly simpler because it requieres much less instrumentation.
6. To determine the errors in the size effect fracture parameters, the model M7 must be calibrated independently of the peak loads obtained in the size effect tests using only the free parameters of the model, e.g. using the uniaxial compression tests.
7. In principle instead of the model M7 a cohesive crack can also be introduced in the crack path and the analyses be repeated. However, in this case the calibration of the cohesive law independently of the size effect data will be a defeating problem. Type II size effect fits to tested DCB specimens for both the normal strength (a-c) and the high strength concretes (e-g) for the series A, B and C; size effect fits to all normal strength DCB specimens combined (d) and to all high strength DCB specimens combined (h). Figure 4 : Type II size effect fits to virtual specimen peak loads obtained using the Model M7 for both the normal strength (a-c) and the high strength concretes (e-g) for the series A, B and C; size effect fits to all normal strength virtual DCB specimens (d) and to all high strength virtual DCB specimens (h). 
